A fibre-metal laminate is a composite of metal and fibre-reinforced prepreg layers. An example of such a material is Glare. It consists of alternating layers of aluminium and glass-fibre-reinforced prepreg. The material can be sensitive to delamination buckling, which occurs when a partially delaminated panel is subjected to a compressive force. The interaction of local buckling and extension of the delaminated zone typically results in a decrease of the residual strength and, eventually, in a collapse of the structure. This phenomenon can be observed in experimental tests, but numerical analyses are needed to obtain a better understanding of the mechanisms and the critical parameters. In this paper, some experimental observations are discussed regarding delamination buckling in Glare and, on the basis of these observations, a numerical model is constructed at a meso-mechanical level. In this approach, solidlike shell elements are used to model the individual layers. They are connected by interface elements, which are capable of modelling delamination between the layers. #
Introduction
During the last two decades, there has been a search for lightweight materials that can replace the traditional aluminium alloys in aerospace structures. A laminate of aluminium and fibre-reinforced prepreg is a possible alternative. An example is Glare, which is a combination of aluminium and glass fibre-reinforced prepreg (Fig. 1) . Originally, this material was developed at Delft University of Technology in order to increase the fatigue performance of aircraft structures [1] . However, it also appeared to possess excellent impact and fire resistance properties [2] . Moreover, the material can be applied in the structure in the same way as traditional aluminium panels. Finally, since the prepreg layers are protected from the environment by the aluminium, durability of the material seems of less concern.
Nevertheless, there are still a number of open questions regarding the physical and mechanical properties of fibre-metal laminates. One of these concerns the behaviour of panels that are subjected to compressive and/or shear loadings and which have initial delaminated areas, e.g. caused by fabrication or maintenance. The compressive stresses may then lead to local buckling. This local buckling can subsequently cause growth of the delaminated area, which in turn will lead to progressive buckling. This process may result in catastrophic failure, which is one of the reasons that the material is not yet considered for use in those parts of the fuselage or the wings which can be subjected to such stress conditions.
To arrive at a better understanding of the phenomenon described above, numerical simulations can be of assistance. However, numerical models must be chosen and handled with care, since the problem is a combination of stability and delamination (crack) growth. Here, a basic issue is the level of modelling that is chosen. In the spirit of earlier research [3] [4] [5] , we adopt a meso-level approach, in which the individual layers are modelled separately from the interface. Specifically, we use so-called solid-like shell elements [6] for modelling the individual layers. These elements share the advantage of conventional shell elements that they can be used in applications to thin structures without exhibiting overstiff behaviour (locking), but have the advantage of a linearly varying normal strain distribution through the thickness of the shell element. Intimately related to this is that no rotational degrees-of-freedom are needed, which makes them particularly suitable for application in layered structures, where we have a stack of shell and interface elements. The latter elements model the interfaces and can simulate debonding of the adhesive, since they are equipped with an orthotropic damage model. This contribution is ordered as follows. First, we give a more detailed description of the phenomenon of delamination buckling in Glare, starting from SEM pictures. Then, the modelling strategy is discussed, including a succinct description of the solid-like shell model [5, 6] , the interface elements [4] , and the constitutive model for the interface [7, 8] . The paper is concluded by a numerical example of delamination buckling of a thin strip bonded to a thicker substrate.
Delamination buckling
This research focuses on the behaviour of a delaminated fibre-metal laminate under compression. The expected failure mechanism is a combination of structural instability and interlaminar crack growth. We consider a panel with an initial delamination (Fig. 2a) . This delamination can be regarded as an imperfection, so that when the panel is compressed, the delaminated layer will buckle locally (Fig. 2b) . As a result, the interface at the crack front is subjected to a combined mode I/mode II stress [9] . When the stresses exceed the ultimate limit, the layers debond and the delaminated area grows, resulting in a reduction of the global stiffness (c). The process continues up to the point that the panel collapses (d).
The initial delamination can have several causes. First, the damage can be a consequence of errors during the fabrication of the laminate. In the engineering practice, these errors are very rare. Each panel is extensively checked after fabrication. Panels which contain debonded areas larger than 6 mm are rejected. A second cause of internal damage are the joining techniques. Riveting and saw cuts induce large stress concentrations and local plastic deformations. In the worst case, this can lead to a local debonding of the laminate. Debonding can also occur when a panel is deformed with a small bending radius, for example in the production of stringers. The shear stresses in the interface exceed the ultimate limit with damage as a result. Finally, the internal damage can be caused by impact. The induced energy will be absorbed by the relatively weak interface. The exterior of the laminate (the aluminium layer) will not show any defects, which makes this mechanism quite dangerous. Fig. 3 shows a small specimen of Glare 2-3/2-0.3, which has been subjected to a bending load in a three-point bending test [10] . Due to initial damage in the interface between the outer aluminium layer and the prepreg layer, the outer layer has delaminated and has buckled. The prepreg layer has remained undamaged, 1 apart from some single fibres that seemingly have left the prepreg, (Fig. 4) for better resolution.
However, when we take a closer look at the crack front (Fig. 5) we notice that the actual interface between the aluminium and the pregreg layers remains intact and that the crack starts near a fibre in the prepreg layer. This observation can be explained as follows. Before fabrication, the aluminium panels are extensively treated. First, the existing oxidised layer is removed by an etching process. Then, the aluminium is anodised to create an oxide layer with a good morphology. After this, the surface is treated with a primer in order to enhance the durability of the bond. Finally, several hours after application of the primer, the laminate is stacked and put in the autoclave. Consequently, the adhesive bonding between the aluminium and the prepreg layer is of excellent quality. In fact, the ultimate strength is much higher than the adhesive bonding between a single fibre and the matrix material in the prepreg layer. A crack therefore initiates and propagates in that part of the layer where the largest stress peaks can be found, i.e. the transition zone between fibre high and resin high prepreg.
Numerical strategy
The mechanisms as described before will be investigated on a mesoscopic level. This means that both the aluminium and the prepreg layers will be considered as homogeneous materials, with given constitutive parameters. Furthermore, it is assumed that, the aluminium and the fibre prepreg layers remain undamaged, although this is not in agreement with the observations in the experiments mentioned in the previous section. In order to simplify the model, we model the delamination as an interface crack between the aluminium and the fibre prepreg layer and lump the crack characteristics of the prepreg material in this interface.
The separate layers of the panel are composed of solid-like shell elements which are stackable so that a multi-layer model is made (Fig. 6) The deformation of the panel is determined in a quasi-static manner, using Riks' path-following technique [11] applied to the prescribed axial displacement of the model.
The solid-like shell element
The analysis of thin structures under compression requires special properties from finite elements. For this purpose, a whole range of geometrically nonlinear, discrete shell elements has been derived. Most of the elements have the following characteristic in common: the strains in the thickness direction are discretized. A shell element is therefore a two-dimensional element in a three-dimensional space. In the present case, where we wish to build a laminate by stacking multiple elements, we cannot use standard shell elements. Fig. 4 . SEM picture of local buckling of the top layer of a Glare2-3/2-0.3 specimen after being subjected to a three point bending test (detail). Alternatives to shell elements are solid, threedimensional elements. However, in order to avoid Poisson thickness locking, the three dimensions must be of the same order of magnitude. This implies that in this application, the length of the elements must approximately be equal to the thickness of one layer, i.e. less than half a millimetre. Regarding the dimensions of an average panel in aerospace structures, the mesh will have a very large number of degrees-of-freedom.
The solid-like shell element derived by Parisch [6] combines the good characteristics of both families. It is a solid, consisting of eight external nodes, each with three translational degrees of freedom (Fig. 7) . The four internal degrees of freedom are used to setup a quadratic displacement field in the thickness direction. Hence, the normal strain in this direction varies linearly instead of being constant. Poisson thickness locking is then avoided and the element can be used in thin applications. It approaches the kinematics of the traditional shell element. The element has previously been used by Hashagen and de Borst [12] to study failure mechanisms in fibre-metal laminates.
The interface element
Delamination is modelled by means of interface elements that are placed between two layers. These elements consist of two adjacent surfaces, as shown in Fig. 8 . The distance between two corresponding material points on these surfaces v(, ) is governed by:
where u(, ) contains the global displacements of adjacent material points on the two surfaces; R is a rotation matrix, which transforms the global frame into an element local coordinate system. The matrix L maps the displacements of the material points onto the relative displacements, and has the form:
The global displacements of the material point u(, ) can be obtained from the nodal displacements uˆby applying linear interpolation functions. Substitution of the matrices R and L gives the matrix B:
As usual, the element stiffness matrix [13] is governed by:
where C is the constitutive relation of the interface between the relative displacement v and the tractions t=[t 1 , t 2 , t 3 ] T in the normal (subscript 1) and the two shear directions (subscripts 2 and 3) respectively:
Since the matrix B is independent of the nodal displacements, the stress-dependent stiffness matrix is equal to zero. The internal forces vector reads:
The element is integrated numerically. It was noted by Schellekens and de Borst [14] that a Gauss scheme gives spurious oscillation of the traction field. The use of a Lobatto or a lumped integration scheme obviates this anomaly. 
Delamination model
From Fig. 5 it appears that delamination is a combination of two damage mechanisms on a microscopic scale: an adhesive debonding of the interface between fibre and matrix and a cohesive matrix crack. In order to capture both mechanisms, a damage model is used at a mesoscopic scale. In this model, the stiffness of the interface between the aluminium and the prepreg layers is reduced by means of damage parameters, which are initially equal to zero and equal one when the material is completely damaged [15] . The equivalent relative displacement of the interface is taken as the controlling parameter for damage growth. As soon as the equivalent relative displacement exceeds an initial or threshold value, the damage parameter starts to increase according to a damage relation.
Delamination of a fibre-metal laminate is an anisotropic process, which depends on the angle between the fibre orientation and the delamination front. Therefore, a single scalar damage parameter cannot be used. Furthermore, the delamination crack is a combination of mode I and mode II. Moreover, a difference can be observed between tension and compression in the mode I direction. In the latter case, the material is not damaged but behaves perfectly plastic. A model that incorporates these aspects has been derived by Schipperen [7, 8] and is based on the constitutive assumptions set by Schellekens and Hashagen in their plasticity based delamination models [4, 5] .
It is assumed that the stiffness of the interface element decreases when damage occurs. The constitutive relation, Eq. (5) can then be written as:
where d is a second-order damage tensor. We consider the special case that only the diagonal terms of this tensor are non-zero. In matrix notation:
Damage occurs when the current equivalent relative displacement is higher than all previously attained values:
with init the initial or threshold value of .The equivalent relative displacement is a function of the relative displacements in the three directions:
where The softening is governed by the fracture toughness G c . Experiments with Glare show a softening behaviour of the interface that resembles an exponential curve (Fig. 9) . Inspired by this, the following damage relation is used for the diagonal components of d:
The damage parameter in this model will approach the limit value 1.0 asymptotically. This improves the numerical stability of the model, which is important, since we can expect large relative velocities in the case of delamination buckling. The tangent stiffness can be obtained by differentiation of the traction-relative displacement relation Eq. (7) with respect to a virtual time:
where ij is the Kronecker delta ( ij =1 if i=j and ij =0 if i6 ¼j).The use of a tangent stiffness matrix guarantees quadratic convergence in the nonlinear analysis.
Numerical example
The performance of the numerical model is demonstrated in the following two-dimensional example. Consider a laminate as shown in Fig. 10 . The laminate consists of a thin upper layer, thickness h=0.3 mm, and a substrate with thickness 10 h=3.0 mm. Both layers are made of the same isotropic material, with a Young's Fig. 9 . Traction-relative displacement relation in mode I direction for the damage model. modulus E=72,000 N/mm 2 and a Poisson's ratio =0.3. The thick substrate is supported in order to prevent global buckling, which would blur the actual phenomena we wish to examine: local buckling in combination with delamination growth. The layers are bonded using an adhesive with an ultimate normal strength t t;c 1 ¼ 50:0 N=mm 2 and an ultimate shear strength of t 2;3 ¼ 75:0 N=mm 2 . The fracture toughness of the material G c can be varied. The adhesive material has already debonded in the centre of the laminate over a length l=14 mm. The laminate is subjected to a unit displacement u 0 =1 mm.
An analytical solution for a similar problem was given by Kachanov [16] . He has derived the critical load for local buckling of a thin layer attached to a substrate of infinite thickness. For the given dimensions and material parameters this critical load is equal to:
One half of the specimen is modelled in the finite element analysis. Symmetric boundary conditions are applied to the cutting edge (Fig. 11) . The initial (dummy) stiffness of the interface elements is usually set to a value that is much larger than the Young's modulus of the surrounding structure. In this case however, a large dummy stiffness results in a bad convergence of the numerical model. An initial stiffness C ii =50,000 N/ mm 3 , (i=1,2,3) gives better results: the calculations remain stable and the interface elements do not influence the total stiffness of the model prior to cracking too much. An initial out-of-plane deformation of the debonded part of the upper layer is applied to trigger the local buckling mode. This imperfection has a sinusoidal shape and an amplitude w 0 =h/500. Fig. 12 shows the first part of the deformation. Due to the initial imperfection it is not possible to pinpoint an unambiguous value for the buckling load. When extrapolating the post-buckling path, an axial load x =110 N/mm 2 can be regarded as the calculated buckling load, which is 9% too low. This is mainly caused by the sinusoidal imperfection of the thin layer. The finite thickness of the substrate and the elastic behaviour of the interface elements play a role in this reduction as well, but these effects are much smaller. As expected, the post-buckling behaviour is stable, due to the thick substrate. The delamination starts to propagate when the applied displacement equals 44.9 mm, which corresponds to an axial stress x =159.6 N/mm 2 . Initially, the model shows identical results for all values of the fracture toughness G c . However, at progressive delamination, x %400 N/mm 2 , the load-displacement curve shows large differences (Fig. 13 ). This can also be observed in Fig. 14 , where the delamination length is plotted against the stress.
Closing remarks
In the present paper a numerical strategy has been derived for the simulation of delamination buckling of fibre-metal laminates on a mesoscopic level. In this strategy, the individual layers of the laminate are modelled by solid-like shell elements. The delamination progress is modelled using interface elements. SEM pictures of experimental tests are used to capture the failure mechanisms on a microscopic level and translate them to a mesoscopic damage model.
The accuracy of the present numerical tools has been examined by means of a numerical example. In this example, local buckling and delamination growth of a laminate under compression has been calculated. The model appeared to be numerically stable and accurate. Furthermore, it was observed that the fracture toughness of the interface plays an important role in the postbuckling behaviour and the delamination propagation of the model (Fig. 15) .
Since both buckling and delamination growth are captured, the numerical strategy can be used to analyse the behaviour of specific lay-ups of Glare under compression. The large differences in response show that the delamination characteristics can have a significant influence on the post-buckling stiffness of the laminate. Identification of the material parameters of Glare is therefore of major importance.
